Abstract. IFEL and FEL techniques can be used to modulate an electron beam on the scale of the radiation wavelength. However, the lack of a high power radiation source in the 100-300 µm range hinders the progress on THz IFEL microbunching. In this paper, we discuss microbunching of an electron beam using a single-pass FEL seeded with a low power THz pulse generated by frequency mixing of CO 2 laser lines in a GaAs nonlinear crystal. A narrowband THz seed source is pumped by a dual beam TEA CO 2 laser and can be tuned in the 1-3 THz range. The THz radiation is guided through a hollow waveguide inside the planar FEL undulator driven by a photoinjector. By using a timedependent FEL code GENESIS 1.3, we optimized the undulator parameters and analyzed the dynamics of the modulated electron beam. By using a ~ 8 MeV electron beam with a peak current of 40 A and a ~1kW THz seed with wavelength 200 μm, the energy modulation up to 1.3% can be achieved in a ~1.8-m long undulator with a constant period of 2.7 cm. At present, the THz seed source is built and fully characterized. The results of transmission measurements for THz waveguides are also discussed.
INTRODUCTION
Plasma-based accelerators, such as laser or electron beam driven plasma waves based structures [1] , are known to have much higher accelerating gradient than conventional RF powered systems [2] . This has stimulated an increasing interest in plasma accelerators in recent years. However, there are many issues that are yet to be solved in order for plasma accelerators to be considered a viable technology for next generation accelerators. One of the main issues is the production of a high-quality electron beam. For example, a plasma accelerator with an external injection, such as a plasma beatwave accelerator, suffers from a continuous energy spread because the injected electron beam typically covers several periods of the plasma wave [3] . In order to inject electrons into a narrow phase interval of the plasma wave, a beam needs to be prebunched into a series of ~50-15 µm long microbunches that separated by the plasma wavelength.
An inverse Free Electron Laser (IFEL) technique is suitable for modulating an electron beam on the plasma wavelength scale [4] . As a seed THz source, it was proposed to use difference frequency generation (DFG) in a GaAs nonlinear crystal pumped by two CO 2 laser lines. However, as shown in our experiments, the MW level of THz power required for the IFEL prebunching can only be generated using mutligigawatt 10-μm pulses from a single-shot CO 2 laser system [5] . In this paper, we consider a single pass THz-FEL microbunching technique. The THz-FEL microbunching requires only a ~1kW seed pulse, which can be generated via DFG using commercial pulsed CO 2 lasers running at 1 Hz.
Here, we report on progress towards the proposed THz-FEL microbunching experiment. We present simulation results on FEL microbunching using a 3dimensional code. Then we describe a THz seed source producing ~2kW power in the spectral range of 100-500 µm at 1 Hz [6] . Results on the THz guiding through a hollow waveguide will be also presented.
THZ-FEL MICROBUNCHER AT NEPTUNE LABORATORY
The THz-FEL microbuncher shown in Fig. 1 consists of four subsystems: an RF photoinjector, a THz seed source, an FEL undulator and diagnostics. The S-band photoinjector at the Neptune Laboratory can provide a 10-ps FWHM electron pulse with a peak current up to 100 A [7] . The relativistic (8-14 MeV) electron beam with an energy spread of < 0.5% and a normalized emittance of < 10 mm-mrad is propagated collinearly with a THz seed pulse and is focused down to 220 µm (σ r.m.s ) at the entrance of the FEL undulator.
A 200 ns long THz seed pulse is generated by mixing two lines of a dual-beam CO 2 laser via DFG in a GaAs nonlinear crystal. When various pairs of CO 2 laser lines are used, the step-tunable THz radiation with a step size of 30-40 GHz is generated in the range 0.5-3 THz. This kW power THz seed radiation is focused into a waveguide inside a planar, ~2-m long undulator. FEL interactions cause the electron beam to gain energy modulation. After leaving the undulator, the energy modulated electrons bunch 
SIMULATION PARAMETERS AND RESULTS
Taking into account the parameters achievable at the Neptune Laboratory, we optimized the undulator parameters using simple analytical formulas [8] . Table 1 shows the list of parameters used in the FEL simulations. Note that with our undulator design, the tunability of the seeded FEL microbunching can be achieved by injecting a seed pulse with different wavelengths and an electron beam with energy γ matching the FEL resonance condition.
A three-dimensional, time-dependent simulation code, Genesis 1.3 is used for modeling the FEL amplification and microbunching process in the waveguide. Genesis 1.3 solves a set of self-consistent differential equations based on Maxwell's and Hamilton's equations that describe the physics of an FEL, including the space charge effect. In the simulations, we co-propagate a 10ps FWHM electron bunch and a continuous THz seed pulse in a simulation box with a cross-section of 5mm x 5mm to model the conditions for a waveguide FEL microbuncher.
Longitudinal Dynamics of an Electron Beam in FEL
The dynamics of electrons in a seeded FEL can be explained using Fig. 2 , in which a 1kW power seed radiation with a wavelength of 200 µm and an electron beam with a peak current 60 A and γ = 19.5 are used. In a seeded FEL, the seed radiation modulates the electron beam slightly and the modulated electron beam radiates more coherently to amplify the radiation. This positive feedback leads to stronger bunching of the electron beam thus an even higher radiation power. As a result, an exponential gain of the THz power, as shown in Fig. 2(a) , is expected. A correlation between the THz power and the bunching of electrons is clear when we look into the phase distribution of electrons at various positions (in Fig. 2 (b) , (c), (d)): the energy modulation increases along with the amplification of the radiation. Eventually, electrons start folding and then become trapped in the ponderomotive bucket (see Fig. 2 (e) ). At 2.5 m, the electron beam losses too much energy and is out of resonance such that the THz power is saturated. In terms of microbunching, the stage that we are most interested in occurs at 1.8m (corresponding phase space distribution is in Fig. 2 (d) ) where the energy modulation is optimal at ~ 1.3% and folding has yet to occur. The electron beam with such magnitude of the energy modulation will be microbunched with ~50% particles contained in bunches that are ~ λ/6 FWHM long. In order to transfer the energy modulation to the current modulation, ballistic drifting of the beam over a distance of a meter or using a chicane is required.
Inhomogeneous FEL Microbunching within an Electron Pulse
When a long FEL is driven by a short electron pulse, such as that produced by a photoinjector, the number of periods of the wave covering the electron bunch is smaller than the number of wiggler periods. The radiation eventually outruns the whole electron beam and amplification process is terminated because of the slippage. This effect is stronger when operating at a longer wavelength and limits the overall gain of the FEL amplifier. The longitudinal structure within an electron beam also becomes rather complicated due to this slippage effect.
One such example is shown in Fig. 3 , where a 10-ps electron beam is interacting with a 300-μm radiation in a 1.8-m long undulator with a period of 2.7 cm. As seen in Fig. 3 , for phase space distribution of electrons at z = 1.8 m, the energy modulation for different slices of the electron pulse-the width of which is equal to the seed radiation wavelength of 300 μm-is different. Because the newly emitted radiation always overtakes the electrons that generate it, electrons constantly "see" the radiation amplified by other electrons behind them. Therefore, the energy modulation is stronger for the electrons slightly in front of the center of the Gaussian pulse. This , where θ is the phase at which each electron is located inside a period of a THz wave, is proportional to the ratio of the bunch length and the separation between bunches. F peaks at ~ 0.45 for electrons on the front of the electron pulse and indicates inhomogeneous microbunching (Fig.3 (a) ).
It is important to study the longitudinal dynamics of electron beam modulation imprinted via FEL interactions in the undulator. It may be possible to obtain a more uniform microbunching by shaping the electron beam such that the current distribution is asymmetric with a slow rise time and a rapid fall rather than a Gaussian distribution.
Note that with a peak current 40 A and the THz wavelength of 300 µm, the energy modulation of the electron beam Δγ/γ has a maximum of ~ 1.25% after propagating 1.8 m inside the undulator (Fig. 3 (d) ). This result is comparable to the result with a peak current of 60 A and the THz wavelength of 200 µm (Fig. 2 (c) ). It means that microbunching is not only tunable but also can be optimized by scanning the peak current at each wavelength.
STATUS OF THE EXPERIMENT THz Source
A narrowband (< 10 GHz) THz source is necessary for a seeded FEL interaction. To provide kW pulses at a high repetition rate, we developed a THz radiation source based on frequency mixing of CO 2 laser lines in a GaAs nonlinear crystal [6] . GaAs is chosen due to its high nonlinearity, damage threshold and transparency for both mid IR and THz frequencies. We have built a dual-beam CO 2 laser using commercial TEA lasing sections running at 1 Hz. The dual-beam laser uses one single spark gap to trigger two parallel CO 2 lasing sections, thus providing jitter-free operation for two optical pulses. By choosing lines with approximately the same gain coefficient, we synchronized two CO 2 laser pulses and extracted ~ 1 J per line in a beam with a diameter of 15-20mm. Tuning of a grating placed in each section allowed to cover the spectral range for the difference frequency from 0.5-4.5THz with a step of 30-40 GHz.
In the experiment a 2x4x2.5 cm 3 GaAs crystal was used. For 200 ns pump laser pulses with a peak power per line ~ 6 MW in an unfocused beam we generated THz pulses with an energy of 400 μJ corresponding to a peak power ~ 2kW. This measurement was done by mixing the 10R(22) and 10P(26) CO 2 laser lines resulting in the 260 μm (1.15 THz) output. By selecting other pair of lines we tuned the THz radiation from 400 to 100 μm; however, the DFG power dropped below the level of 1 kW while approaching wavelengths around 100 μm. This behavior is due to the strong absorption in the GaAs phonon band at room temperature. It is important to point out that at T=82 K, more than 1kW is projected for the whole range of 1-3 THz.
Guiding of the THz Radiation in the FEL
The function of the waveguide in the experiment is to confine the THz radiation beam and to preserve its linear polarization. For a narrowband THz pulse, the dispersion in the waveguide is negligible. The main concern in guiding is the transmission through a hollow waveguide, which is a product of the coupling efficiency and the attenuation of the material walls.
Coupling of a THz beam into a metallic hollow waveguide with a diameter of ~5mm or a comparable rectangular opening inevitably excites higher order propagating modes. However, theoretically if the THz beam is focused properly such that the ratio of the THz spot size (w o ) and the waveguide internal radius (a) is w o /a = 0.67 [9] , up to 98% of power can be coupled from the free space Gaussian mode into the fundamental mode of a circular waveguide. The fundamental mode, which has the lowest attenuation and the preferable beam profile for FEL, is what we are interested in mostly. On the other hand, the efficiency of coupling to a fundamental rectangular waveguide mode is slightly smaller because beam profiles are less similar [9] . As for the attenuation in fundamental modes in two different shapes of waveguides, electrodynamics predicts a higher attenuation on the rectangular one due to stronger fields on the surfaces of waveguide.
To understand it quantitatively, we carried out a series of measurements. The experimental setup used a 289 μm beam produced by DFG in GaAs. Two THz detectors measured the pulse energy before waveguide and after it. Two shapes of waveguides made of copper with various lengths were used. The experimental results on transmission confirmed that the coupling efficiency for the 5mm circular waveguide is slightly higher than that of the rectangular waveguide with a cross section 4.4mm x10.6mm (WR42) and the attenuation losses on the walls are also much less. As expected, the transmission through the circular waveguide is higher than that through the rectangular waveguide. Up to 90 % of transmission was measured in a 50-cm long circular waveguide compared to 50% of a rectangular one with a similar length. The depolarization losses for a linearly polarized seed beam should be small for a metallic circular waveguide. Note that in the FEL process, only the THz radiation polarized in the wiggling plane of electrons is amplified.
The fundamental mode size of the THz radiation inside the circular waveguide is around 1.5 mm. It covers the whole wiggling motion amplitude (< 700 µm) plus the electron beam size (σ r.m.s < 220 µm.) and is sufficient for efficient amplification.
FEL Undulator
The undulator parameters used in simulations are summarized in Table 1 . These parameters for the permanent magnet planar undulator with a gap of 6 mm can be easily achieved with an existing technology. Recently, a collaboration has been established between STI Optronics, Inc. and UCLA in order to design and build the waveguide THz-FEL undulator-buncher. Currently, we are finalizing the design using different magnet and FEL codes for modeling a ~2-m long undulator.
Microbunching and THz Radiation Diagnostics
Direct measurements of longitudinal dynamics of electron bunches are still possible on the THz scale. On the electron beam side, the bunched beam can be analyzed using coherent transition radiation and/or an RF cavity deflector with a time resolution of 50 fs, which is under construction at the Neptune Laboratory [10] . On the radiation side, since microbunching is always accompanied with the high power THz amplification, we can study the microbunching by measuring the amplified THz pulse. An amplified THz pulse with a ~MW level of power can be used to modulate visible light via the electro-optic effect or can be upconverted to visible light in a nonlinear crystal. Possible diagnostics are currently under study. Streaking of such a visible pulse using a streak camera can potentially reveal the temporal profile of the amplified THz pulse.
SUMMARY
We have described an experiment on seeded THz-FEL microbunching for relativistic electron beams proposed at the Neptune Laboratory. This microbunching process can be applied for injection of an electron beam prebunched longitudinally on the scale of relativistic plasma wave into a plasma accelerator. Extensive modeling of FEL microbunching showed that ~1kW level of seed power is sufficient for modulation of the electron beam with a peak current of 40 A in a 1.8-m long undulator. The kW power THz seed source, step-tunable in the range of 0.5-3THz is in operation and used for testing components for the future FEL-prebuncher and developing visualization techniques for the THz radiation. The main emphasis of the project is currently on the design of the FEL undulator.
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